ABSTRACT
Introduction
Heterotopic endochondral ossification (HEO)-the transformation of skeletal muscle and soft connective tissue into mature lamellar bone through an obligate cartilaginous template-occurs sporadically in response to trauma or by genetic mutation in the rare, disabling autosomal dominant disorder, fibrodysplasia ossificans progressiva (FOP; MIM 135100). (1, 2) FOP is caused by a recurrent heterozygous activating mutation of activin receptor A, type I/activin-like kinase 2 (ACVR1/ALK2; referred hereafter as ACVR1), a bone morphogenetic protein (BMP) type I receptor, in all individuals with classic FOP. (3) The canonical FOP mutation and all of the genetic variants reported in humans exhibit loss of autoinhibition of BMP signaling. (4, 5) Regulated feedback in BMP type I receptors is required for the spatial and temporal modulation of BMP signaling.
A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t
Despite the occurrence of germline activating mutations of ACVR1 in all FOP patients, individuals with FOP do not form bone continuously but rather episodically and often following trivial injury, a finding that suggests that trauma-related triggers induce tissue metamorphosis in the setting of altered micro-environmental thresholds.
(7) FOP flare-ups are predictably associated with inflammation, (1) a well-known cause of tissue hypoxia. (8) Hypoxia, the principal trigger of cellular oxygen sensors, prolongs the activation of cell surface protein kinase receptors by decelerating their endocytosis and degradation. (9) BMP receptors are cell surface protein kinases whose signaling and degradation are mediated, in part, by distinct endosomal pathways, a finding that has profound implications for their morphogenetic function. (6, (9) (10) (11) (12) Signaling can be modulated by targeting active receptors for degradation or by dysregulating trafficking of receptors through the endocytic pathway. (12, 13) The molecular response to hypoxia is controlled by the HIF family of heterodimeric transcription factors composed of the subunits HIF-1α and HIF-1β. HIF-1β is constitutively expressed and stable. HIF-1α, in contrast, is oxygen sensitive and targeted for ubiquitin-mediated degradation to experimentally undetectable levels after oxygen-dependent prolyl-hydroxylation. (14) In hypoxia, prolyl hydroxylases (PHDs) are inactivated; HIF-1α escapes hydroxylation, is stabilized, rapidly accumulates in the nucleus, recruits HIF1-β, and binds to the penta-nucleotide hypoxia-responsive elements of target genes to regulate glycolysis, cell survival, cell reprogramming, inflammation, and angiogenesis. (9, 15) HIF-1α and HIF-2α are closely related and activate HRE-dependent gene expression, sharing several common targets, such as VEGF, but also regulating distinct transcriptional targets that may require unique transcriptional cofactors. (16) HIF-1α is expressed ubiquitously, whereas HIF-2α expression is more limited. Both HIF proteins appear to play nonredundant roles in the development and in cancer cells have differential effects on c-Myc activity. (16) Stabilization of HIF-1α occurs as an adaptive response to inflammation or hypoxia. (8) Posttranslational stabilization of HIF-1α (by a tissue-specific knockout of the von Hippel-Lindau gene) is sufficient to drive ectopic chondrogenesis in mouse models. (17) (18) (19) Although dysregulated BMP signaling causes robust HEO, the relationship between tissue hypoxia and BMP signaling in the pathogenesis of HEO is unknown.
We speculated that the inflammatory microenvironment of early FOP lesions might be hypoxic.
We further reasoned that molecular oxygen sensing during hypoxia might enhance BMP A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t signaling in FOP by stimulating retention of mutant ACVR1 (mACVR1, serine-threonine kinase) receptors in signaling endosomes similar to that which occurs with the mutant EGF (tyrosine kinase) receptors under hypoxic conditions during oncogenesis. (9, 20) To test this hypothesis, we evaluated early murine and human FOP lesions for evidence of tissue hypoxia and HIF1-α stabilization and then examined the effect of hypoxia on BMP ligand-independent ACVR1 (R206H) activity in primary chondro-osseous progenitor cells from FOP patients and controls.
We found that early inflammatory FOP lesions were profoundly hypoxic and that hypoxia not only increased the intensity but also prolonged the duration of BMP ligand-independent signaling through an HIF-1α-mediated mechanism that retained ACVR1 in signaling endosomes.
The endosomal retention of ACVR1 under hypoxia was caused by HIF-1α transcriptional downregulation of RABEP1, which encodes Rabaptin 5, a neoplastic tumor suppressor gene that interacts to modulate Rab5, a small GTPase that plays a critical role in endocytic trafficking. (9, 20, 21) We further determined by both genetic and pharmacologic means that attenuation of cellular oxygen sensing restored BMP signaling to normoxic levels in FOP cells and abrogated HEO in an Acvr1 Q207D/+ mouse model of FOP.
Materials and Methods

Patient samples
Specimens from six FOP patients who underwent biopsy for presumptive neoplasm before the definitive diagnosis of FOP were obtained from superficial and deep back masses later determined to be acute, early FOP lesions. To our knowledge, this sample size represents all of the available biopsy tissue for this ultra-rare disease. Normal muscle tissue was obtained from the corresponding anatomic sites of four age-and sex-matched unaffected individuals.
Specimens were also obtained from 8 patients with nonhereditary HEO owing to trauma and spinal cord injury.
Tissue preparation and staining
Tissue samples were fixed in neutral buffered formalin, decalcified, infiltrated, embedded in paraffin, and sectioned at a thickness of 5 µm. Cut samples were deparaffinized, stained with
Harris hematoxylin solution, and counterstained with eosin (H&E) by standard procedures. All stained slides were examined under light microscopy for histological characteristics of FOP lesion formation. (22) Distinct cellular elements/tissue types in the same section were confirmed by two independent examiners (RJP and FSK).
A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t 
Lentivirus infection of SHED cells
Human rabaptin 5 cloned into the lentiviral expression vector pReceiver-Lv105 (GeneCopoeia, Rockville, MD, USA) was used to generate lentivirus particles assembled in HEK293T cells.
Lentiviral particles were then used for polybrene-mediated transduction using standard protocols.
Functional wire grasp test
Mobility in the left hindlimb of caACVR1 mice was assessed by observation of their ability to grasp a wire using all four limbs. Unimpaired mice grasp the wire with all four limbs (simultaneously), whereas mice with impaired mobility of a joint can only grasp the wire with three limbs simultaneously.
Micro-computed tomography
Micro-computed tomography (µCT) was performed on legs from caACVR1 mice obtained 14 days after adenovirus-Cre/cardiotoxin injection using a Scanco VivaCT 40 device (Bruttisellen, Switzerland) to determine the volume of heterotopic bone and obtain a two-dimensional image of the medial sagittal plane of each limb. Scanning was performed using a source voltage of 55
kV, a source current of 142 µA, and an isotropic voxel size of 10.5 µm. Bone was differentiated
Study approval
A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t
Because HIF-1α is ubiquitously expressed, including in early FOP lesions, and its function in the hypoxic response is better understood, we focused on its role in BMP signaling. We cannot exclude a role for HIF-2α in this process.
The response to hypoxia in chondro-osseous progenitor cells is regulated by the BMP signaling pathway Hypoxia inhibits prolyl hydroxylases (PHDs), thus activating HIF1-α. In SHED cells, a Tie2+
chondro-osseous progenitor cell population, (27) FOP and control SHED cells responded to hypoxia by elevated levels of SMAD1/5/8 phosphorylation and ID1 mRNA after 2 hours ( Fig. 2A, B) .{FIG2} SMAD1/5/8 phosphorylation and ID1 mRNA expression were significantly elevated in FOP cells compared with control cells.
FOP SHED cells continued to manifest elevated SMAD1/5/8 phosphorylation and ID1 mRNA levels after 24 and 6 hours, respectively, whereas control SHED cells at these later time points had levels of ID1 mRNA comparable with normoxic conditions ( Fig. 2A, B) . We also examined MSX2 mRNA expression as an additional target of BMP signaling and obtained results similar A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t to that with ID1 (Supplemental Fig. S4 ). Using cobalt as a hypoxia mimetic recapitulated the effects of hypoxia on BMP ligand-independent signaling in SHED cells (Supplemental Fig. S5 ).
Although these experiments were performed in serum-free media in the absence of exogenous BMP, we confirmed that hypoxia-induced, enhanced early signaling through mACVR1 is BMP ligand-independent by measuring SMAD1/5/8 phosphorylation after treatment of SHED cells with Noggin. Fig. 2C , D shows that Noggin did not mitigate ACVR1 signaling under hypoxic conditions, in cells expressing mACVR1 or in control cells. However, mACVR1 hypoxiamediated signaling was abrogated by Dorsomorphin, a BMP type I receptor inhibitor (Fig. 2C,   D) as well as LDN-193189, a selective inhibitor of BMP type I receptor kinases (Supplemental Fig. S6 ). Similarly, hypoxia-induced ID1 expression was minimized by Dorsomorphin. The p38
MAP kinase inhibitor SB203580 did not affect signaling (Fig. 2C, D) . Previous studies have
shown that treatment of SHED cells with inhibitors of extracellular signal-regulated kinase (ERK) and inhibitors of c-jun N-terminal kinase (JNK) had no effect on ID1 expression.
Given these results, it is unlikely that enhanced BMP signaling under hypoxia is because of modulation of soluble BMP inhibitors, findings supported by our previous report. (Fig. 3A) , and was reflected in the greater amount of chondrocyte extracellular matrix produced by hypoxic FOP SHED cells (Fig. 3B ).
Chrondrocyte differentiation in pellets derived from SHED cells was further confirmed by the upregulation of chrondrocyte markers collagen 2α, Sox9, and aggrecan (ACAN) under hypoxic conditions (Fig. 3C) . Production of col2α is also enhanced by the addition of BMP to control A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t Hypoxia promotes BMP signaling by retention of ACVR1 in the endosomal pathway
Rabaptin 5 is a direct effector of Rab5 in endocytic membrane fusion. Because hypoxia causes
Rabaptin 5 inhibition leading to prolonged endosomal trafficking of EGF receptors through association with Rab5, (9) we investigated whether hypoxia also altered Rabaptin-5-mediated endosomal retention of mutant or wild-type ACVR1. In C2C12 cells expressing V5-tagged wildtype or mACVR1, we found that hypoxia enhanced retention of mACVR1 in endosomes identified by the markers Rab5, EEA1 (Fig. 4A, B) ,{FIG4} and the transferrin receptor (Supplemental Fig. S9 ). Supplemental Both Rabaptin 5 mRNA (RABEP1) and protein levels were decreased under hypoxic conditions, greater in FOP SHED cells than in WT SHED cells (Fig. 4D, E) . Because BMP signaling occurs within endosomes, (28) and we found that the ACVR1 receptor is retained in endosomes under hypoxic conditions, we performed a rescue experiment to determine whether Rabaptin 5 decreased BMP signaling in the absence of exogenous BMP ligand. When Rabaptin 5 was exogenously expressed in FOP SHED cells, BMP signaling was markedly decreased to normoxic levels ( Fig. 4F, G) , confirming that hypoxia-mediated signaling occurred through ACVR1 in the absence of exogenous BMP ligand and was the result of altered endosomal retention of ACVR1.
Inhibition of HIF-1α abrogates BMP ligand-independent signaling and heterotopic ossification in a mouse model of FOP
A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t
We used complementary genetic and chemical inhibitor approaches to confirm the role of hypoxia in BMP ligand-independent signaling. Adenovirus-Cre-induced deletion of floxed HIF-1α in MEFs, but not adenovirus-GFP (negative control), resulted in significantly reduced levels of SMAD1/5/8 phosphorylation (Fig. 5A ).{FIG5} Similarly, using three potent HIF1-α inhibitors, two currently available agents (apigenin and imatinib) (29, 30) and another highly specific agent but in early clinical trials (PX-478), (31,32) BMP ligand-independent signaling was blocked. Of note, and to our knowledge, HIF-1α is the only molecular target shared by all three inhibitors. Thus, genetic deletion or chemical inhibition of HIF-1α in MEFs or SHED cells, respectively, prevented BMP ligand-independent signaling by hypoxia. clinically available, and nontoxic HIF1-α inhibitors (apigenin and imatinib) were subsequently tested in a caACVR1 mouse model of FOP and found to markedly reduce the formation of HEO (Fig. 5D ) and decrease the functional limitation about affected joints (Fig. 5D ).
PX-478 also markedly reduced HEO in the caACVR1 mouse model (Supplemental Fig. S13 ).
Discussion<H1>
The response to tissue hypoxia is a critical regulatory signal in embryogenesis, wound healing, and oncogenesis; however, its mechanism of action in the pathophysiology of heterotopic bone formation is unknown. (Fig. 4) .
Endosomal retention of mACVR1 appears to be a major contributor to hypoxia-mediated BMP signaling. We previously reported that FOP cells fail to properly internalize BMP receptors, (10) A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t Previous studies have shown that the cellular response to hypoxia plays a critical role in regulating progenitor cell function and facilitates the reprogramming process, (36) (37) (38) (39) in part through dysregulation of BMP signaling. (40) (41) (42) This finding is consistent with the reprogramming activity previously demonstrated in the early FOP lesional microenvironment. (40) Importantly, the response to hypoxia also promotes cancer cell survival in tumor formation. Recent studies have identified somatic gain-of-function mutations in ACVR1 in about a quarter of cases of the childhood brainstem tumor diffuse intrinsic pontine gliomas (DIPGs). (43) (44) (45) (46) This intriguing finding suggests that dysregulated BMP signaling may also confer protection against cell death in a hypoxic microenvironment. Although ACVR1mutation-positive cases were associated with younger patient age and longer patient survival, the lack of cancer predisposition in FOP (where identical mutations can be found), suggests that additional driver mutations are necessary.
(45,47)
Our findings allow us to construct a working schema of the pathophysiology of flare-ups and resultant HEO in FOP (Fig. 6 ).{FIG6} Generation of a hypoxic microenvironment in injured skeletal muscle appears to be a critical step in the formation of HEO in FOP. Studies show that dysregulated BMP signaling creates an inflammatory and hypoxic microenvironment. (48) (49) (50) (51) (52) (53) (54) (55) Inflammation and hypoxia, acting through HIF-1α, downregulate Rabaptin-5 (RABEP1) expression and cause retention of mACVR1 in signaling endosomes, where it amplifies and prolongs BMP signaling with resultant HEO. (9, 56, 57) Enhanced BMP signaling in FOP lesions is likely owing to both increased endosomal retention of mACVR1 in hypoxic FOP lesional cells and to increased basal BMP signaling relative to the wild-type receptor. (5, 25) This mechanism is also supported by a report showing that receptor kinase activity affects FGFR3 trafficking and determines the spatial segregation of signaling pathways, suggesting that highly activated receptors increase signaling capacity from intracellular compartments.
(58) Taken together, our a n u s c r i p t A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t data suggest that inflammation and tissue hypoxia create a microenvironment that amplifies and prolongs BMP signaling from mACVR1 and promotes ectopic chondrogenesis and HEO in FOP.
Although our study focused on the hypoxic endosomal retention of mACVR1 in the pathogenesis of episodic HEO in FOP, one can speculate that the cellular response to hypoxia may be more generalizable to other BMP receptors as well as more common forms of HEO. In fact, the cellular response to hypoxia noted with mACVR1 was also found with wild-type ACVR1, albeit to a much lesser extent as one might expect with endosomal retention of a wellregulated receptor.
It is a confounding observation that HEO in FOP is limited to skeletal muscle, fascia, tendon, and ligaments. Although highly speculative, the precise combination of inductive factors, A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t manner, however, as an activin-dependent heterotetrameric signaling complex. Such a mechanism could account for the disparate activities of wild-type and mACVR1 receptors during the hypoxia-dependent prolongation of endosomal signaling reported here. We hypothesize that in FOP, neither local secretion of activin family ligands nor hypoxia within soft tissues would be sufficient to produce HEO; however, both would be necessary.
We previously described an Acvr1 chimeric knock-in model (Acvr1 R206H/+ ) that recapitulated with great fidelity the phenotype found in FOP patients, including injury-induced flare-ups; however, this model was very limited in that there was no germline transmission. (62) The caAcvr1 Q207D/+ model used in our current work recapitulates the injury-induced flare-ups found in patients with FOP and has been an accepted model to study both FOP lesion formation and the response to specific therapeutic interventions.
(24,26) Although we did not use mechanically based methods for trauma-induced HEO (eg, blunt injury), we did use a highly reproducible chemically induced method of muscle injury (ie, cardiotoxin injection). We postulate that our findings here also have important implications for traumatic HEO.
That connective tissue hypoxia is a potent stimulus for HEO in caAcvr1 Q207D/+ mice is supported by a recent study in which siRNA knockdown of HIF-1α mRNA and-Runx2 mRNA resulted in inhibition of HEO in an Achilles tenotomy mouse model. (63) We explored the use of available compounds to block HIF-1α signaling and thus inhibit HEO in the FOP animal model. Apigenin, a naturally occurring HIF-1α inhibitor found in parsley, (29) was used to modulate dysregulated BMP signaling in FOP connective tissue progenitor (SHED) cells and restore BMP signaling to levels found in control SHED cells. Furthermore, apigenin was effective in abrogating HEO in a mouse model of FOP. Imatinib, a receptor tyrosine kinase (RTK) inhibitor that exhibits antiangiogenic and anticancer properties, was also used because of its potent HIF-1α inhibition.
Although imatinib has off-target effects (such as those against PGDF), it was selected because, unlike other available inhibitors, it has low toxicity and the ability to inhibit HIF-1α without directly affecting ACVR1 in vivo. (64) Our study shows that imatinib, like apigenin, potently inhibits BMP pathway specific SMAD1/5/8 phosphorylation induced by HIF-1α in vitro, as well as HEO after tissue injury in a mouse model of FOP. Interestingly, Compound C (also known as Dorsomorphin), an AMP-activated kinase (AMPK) and BMP type I receptor inhibitor, blocks hypoxic activation of HIF-1α in vitro. (65) Although many agents inhibit HIF-1α in cells, only a few have been shown to effectively inhibit HIF-1α in vivo. (66, 67) In all cases, it is possible that a n u s c r i p t A u t h o r M a n u s c r i p t A u t h o r M a n u s c r i p t these compounds also affect HEO by mechanisms other than HIF-1α-SMAD cross-talk, (68) but more potent and highly specific HIF-1α inhibitors such as PX-478, which was also highly effective in our FOP mouse model, offer hope for the future. The evolutionary pressure for oxygen-sensitive regulation of BMP signaling probably arose long before organisms with endoskeletons appeared on Earth. (73) (74) (75) It is likely that multicellular creatures of the pre-Cambrian world developed and thrived in hypoxic sea beds where hypoxia-BMP pathway interactions were extant and selective for morphogenesis. (76, 77) Importantly, invertebrate Drosophila larvae develop and live in a hypoxic microenvironment of rotting fruit in which the BMP/Decapentaplegic (DPP) signaling pathway functions to form and maintain the body plan and the exoskeleton. (78) In addition, when the FOP mutation in Saxophone, the Drosophila homologue of ACVR1, is introduced into Drosophila, severe patterning malformations arise and are amplified in a hypoxic microenvironment. (79) Interestingly, Drosophila ema mutants, which are defective in endosomal membrane trafficking, accumulate BMP receptors and phosphorylated Mad in their synapses. (12) This unexpected finding supports that dysregulated endosomal retention of BMP receptors causes hyperactive BMP signaling at the neuromuscular junction, (12) a finding with critical implications for common forms of HEO such as those that occur sporadically after neurologic and soft tissue injury. These observations strongly support our findings of the regulatory role of the endosomal pathway in hypoxic BMP signaling.
In summary, our investigation supports that cellular oxygen sensing is a critical regulator of HEO in FOP, knowledge that will contribute to the development of more effective treatments for FOP and possibly for related common disorders of heterotopic ossification.
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